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Electromagnetically induced transparency (EIT) analogue in all-dielectric metamaterials with a high quality factor provides an
effective route to enhance light-matter interaction at the nanoscale. In particular, the active control applied to it enables great
degree of freedom for spatial light modulation and thus promises functional device applications with high flexible tunability.
Here we load graphene into all-dielectric metamaterials, and realize the remarkably high modulation depth in the transmission
amplitude of the EIT resonance with the manipulation of graphene conductivity, via shifting the Fermi level or altering the layer
number. The physical origin lies in the controllable light absorption through the interband loss of graphene in the near infrared.
This work reveals a strategically important interaction mechanism between graphene and EIT resonance in all-dielectric meta-
materials, and open avenues in designing a family of hybrid metadevices that permit promising applications to light modulation,
switching and ultrasensitive biosensing.
1 Introduction
Metamaterials comprising periodically arranged subwave-
length resonators have revolutionized the research field in ma-
nipulation of light-matter interaction due to the exotic proper-
ties inaccessible in natural materials.1 The performance of the
conventional metal metamaterials is always affected by two
kinds of losses, namely the radiative and nonradiative losses.
Fortunately, the radiative loss can be suppressed by tailoring
the structure geometry to enable the excitation of the so-called
”trapped mode” weakly coupled to free space, or more in-
geniously, to achieve the destructive interference using the
near field coupling effect known as electromagnetically in-
duced transparency (EIT) analogue.2,3 However, the nonra-
diative loss from the intrinsic resistance of metals, which is
especially dominant in the near infrared and optical regimes,
severely limits the quality (Q) factor up to 10 and hinders prac-
tical device applications. Therefore, it is necessary to seek
low-loss materials as alternatives to metals for metamaterial
resonators. Recently, exciting progress has been made on the
issue of the nonradiative loss by adopting the Mie resonance
of dielectric materials with high refractive index, such as sil-
icon, germanium and tellurium.4 In analogy to the excitation
of the collective electrons at the metal surface, the oscillation
of the displacement current in the dielectric resonators pro-
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duces the magnetic dipole (first Mie resonance) and electric
dipole (second Mie resonance) responses. This physical in-
sight has inspired the excitation of the ”trapped mode” and
subsequently the implementation of the EIT resonance in all-
dielectric metamaterials with extremely high Q factors up to
a few hundreds, which shows great prospects for the realiza-
tion of low-loss optical modulators, enhanced nonlinear sen-
sors and slow light devices.5–7
In recent years, the active control of optical responses is an-
other research focus in the metamaterial field, which provides
an additional degree of freedom to precisely manipulate the
light-matter interaction. The realization approach in current
works is through loading active materials into metamaterials
and controlling the coupling effects between them under vari-
ous external stimuli.8–10 Particularly, graphene with unprece-
dented properties such as the dynamically tunable conductiv-
ity and ultrafast modulation response becomes an excellent
candidate among all the active materials. So far, consider-
able efforts have been devoted to graphene metamaterials11–14
or hybrid metal-graphene metamaterials for controllable EIT
resonance.15–18 Most recently, some pioneering works have
paid attention to the coupling effect between graphene and the
low-loss ”trapped mode” in all-dielectric metamaterials.19–21
However, the interaction between graphene and the classical
EIT resonance in all-dielectric metamaterials in the near in-
frared has yet to be explored.
In this letter, we propose an active control of the EIT ana-
logue in all-dielectric metamaterials through loading graphene
into the unit cell. The numerical results show that the remark-
ably high modulation depth in the transmission amplitude of
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Fig. 1 (a) The schematic diagram of our proposed hybrid dielectric-graphene metamaterials. (b) The top view and the geometrical parameters
of the unit cell.
the EIT resonance can be realized with the manipulation of
graphene conductivity, via shifting the Fermi level or altering
the layer number, which is attributed to the controllable light
absorption through the interband loss of graphene in the near
infrared. To the best of our knowledge, it is the first investi-
gation on the interaction between graphene and the EIT reso-
nance in all-dielectric metamaterials, offering a great opportu-
nity to compare with the modulation mechanism in the hybrid
metal-graphene counterparts. Therefore, this work may in-
spire interest in developing a novel kind of active metadevice
with functionalities attained through the exploitation of the
controllable EIT resonance in the hybrid dielectric-graphene
metamaterials.
2 The geometric structure and numerical
model
The schematic diagram and the geometrical parameters of the
proposed hybrid graphene-dielectric metamaterials are illus-
trated in Fig. 1(a) and (b). The all-dielectric metamaterials
employs a classical design composed of three silicon nano-
bars on a silica substrate for the EIT resonance, with the lat-
tice constant of 1100 nm in the x and y directions. In the unit
cell, the two parallel nanobars are both 600 nm in length and
150 nm in width, and are separated by 150 nm in the y direc-
tion. The vertical nanobar is 700 nm in length and 200 nm
in width, and is placed on the right side of the two parallel
nanobars with a distance of 120 nm. All the nanobars are 160
nm in thickness. Then the monolayer graphene is transfered
on the top of the all-dielectric metamaterials in a continuous
morphology. The linearly plane wave is incident along the −z
direction with the electric field polarized in the y direction.
The full-wave numerical simulations are conducted using the
finite-difference time-domain (FDTD) method. For the wave-
length longer than 1200 nm in the near infrared, the silicon
and the silica show extremely low loss and their constant re-
fractive indices of nSi = 3.5 and nSiO2 = 1.4 are adopted for
simulations.22 The monolayer graphene placed over the all-
dielectric metamaterials is modeled as a 2D sheet and its con-
ductivity can be derived from the randomphase approximation
(PRA) in the local limit, including the intraband and interband
transitions,23,24
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(1)
where e is the electron charge, kB is the Boltzmann constant,
h¯ is the reduced Planck’s constant, ω is the incident wave fre-
quency, EF is the Fermi level, the temperature T is set to 300
K and the relaxation time τ = (µEF)/(ev
2
F) is calculated from
the carrier mobility µ = 10000 cm2/V · s and the Fermi ve-
locity vF = 1× 10
6 m/s. As shown in Fig. 2(a) and (b), the
wavelength dependent graphene conductivity can be continu-
ously manipulated via shifting the Fermi level. Note that when
the Fermi level is increased from the Dirac point by half of the
photon energy, i.e., EF > h¯ω/2, the contribution of the inter-
band transition is blocked due to the Pauli’s exclusion princi-
ple. Therefore the real part of graphene conductivity dramati-
cally decreases once the Fermi level exceeds the critical value,
while the imaginary part continues to increase with significant
contribution from the intraband transition.
3 Simulation results and discussions
We first investigate the EIT resonance in the all-dielectric
metamaterials without the presence of graphene. Fig. 3 shows
the simulated transmission and absorption spectra, we can see
a sharp transparency window arising within a broad stop band
at 1431 nm, exhibiting a typical EIT resonance behavior. The
transmission amplitude is as high as 0.96. The corresponding
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Fig. 2 (a) Real and (b) imaginary part of the wavelength dependent
graphene conductivity as a function of the Fermi level.
Q factor can be calculated with the ratio of resonance wave-
length of maximum transmission at the EIT window to the full
width at half maximum of the resonance as Q = λres/∆λ , with
a value of 223, which is much higher than that in the conven-
tional metal metamaterials. The incident light is firstly cou-
pled into the vertical nanobar which serves as the bright res-
onator, and then the antisymmetric current oscillations are ex-
cited in the two parallel nanobars acting as a dark antenna via
near field coupling with the vertical nanobar. Due to the close
proximity, the destructive interference between these two ex-
citation pathways conversely suppresses the radiation of the
bright mode oscillation, leading to the EIT resonance. Note
that the imaginary refractive indices of the dielectric materials,
i.e., silicon and silica, are negligible in the concerned wave-
length regime, the absorption loss in the all-metamaterials is
also eliminated. Therefore, the EIT analogue with a high Q
factor is demonstrated and the incident light is trapped in the
near field.
Fig. 3 The simulated transmission and absorption spectra of the
all-dielectric metamaterials without graphene.
Next, we load the monolayer graphene into the all-dielectric
metamaterials and investigate its modulation effect on the
EIT resonance. Fig. 4(a)-(c) show the simulated transmis-
sion and absorption spectra, we can see that the EIT res-
onance undergoes a remarkable change in the transparency
window via shifting the Fermi level of graphene, while the
resonance wavelength remains nearly intact. When EF ini-
tiates at 0.75 eV (heavily doped graphene), the transmission
amplitude is 0.94, very close to the case without graphene,
and the absorption peak of 0.02 begins to emerge at the reso-
nance. When EF gradually varies to 0.5 eV, the transmission
declines to 0.78, and the absorption goes up to 0.15. When
EF finally reduces to 0 eV (undoped graphene), the transmis-
sion decreases to the minimum of 0.24, and the absorption
reaches the maximum of 0.40. To quantitatively characterize
the absorption-related change in the transparency window, we
introduce the modulation depth in the transmission amplitude
as ∆T = (T0−Tg)×100%, where T0 and Tg refer to transmis-
sion amplitude at the transparency peak of the EIT analogue
without and with the monolayer graphene, respectively. The
modulation depth can be actively controlled via shifting the
Fermi level, and the maximum ∆T = 72% is realized with the
undoped graphene.
Fig. 4 (a)-(c) The simulated transmission and absorption spectra of
the hybrid dielectric-graphene metamaterials via shifting the Fermi
level.
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The physics origin can be explained with the coupling ef-
fects between the all-dielectric metamaterials and the mono-
layer graphene. In Fig. 5(a)-(d), we plot the surface electric
field distributions at the resonance wavelength. Without the
presence of graphene, the destructive interference gives rise to
the EIT resonance and traps the incident light within the all-
dielectric metamaterials, thus providing a local enhancement
in the in-plane electric field, with a maximum factor of 30
compared to the incident radiation. With graphene, as the only
lossy material in the hybrid structure, it strongly couples to the
in-plane electric field with its intrinsic absorption. When the
Fermi level decreases to half of the photo energy, i.e., 0.43 eV
at the resonance wavelength of 1431 nm, the Pauli’s blocking
is relieved and the interband loss of graphene becomes dom-
inate in the near infrared. As indicated in Fig. 2(a), the real
part of the graphene conductivity dramatically increases with
the decrease of Fermi level, which induces the light absorp-
tion enhancement. Let us review the absorption spectra in Fig.
4(a)-(c), the absorption phenomena are in exact accordance
with the residual electric fields. With EF = 0.75 eV (heavily
doped graphene), the absorption just begins to emerge with
the minimum of 0.02, corresponding to the nearly intact elec-
tric field profile; with EF = 0 eV (undoped graphene), the ab-
sorption reaches its maximum of 0.40, corresponding to the
fully degenerated electric field profile. Note that in our pre-
vious works the on-to-off modulation of the EIT resonance
in the THz hybrid metal-graphene metamaterials is realized
with the increase of the Fermi level of graphene, showing an
completely opposite variation tendency.18 This intriguing dif-
ference results from the fact that the real part of the graphene
conductivity increases with the Fermi level in the THz regime
while decreases with the Fermi level in the concerned near in-
frared.
Under practical conditions, there are inevitable impurities
generated during the synthesis or the transfer processes of the
monolayer graphene, and themultilayer graphenewould prob-
ably exist in stacked configurations where half the atoms in
one layer lie on half the atoms in others. Therefore, we fi-
nally discuss the influence of the layer number of graphene
on the EIT resonance. Previous works have demonstrated that
the stacked multilayer graphene still behaves like the mono-
layer graphene due to the electrical decoupling and the con-
ductivity becomes proportional to the layer number.25 To ob-
tain maximum possible modulation depth, the Fermi level is
fixed to 0 eV (undoped graphene). Fig. 6 shows the sim-
ulated transmission spectra, we can see the presence of the
multilayer graphene further reduces and even switches off the
transparency window. The transmission amplitude decreases
to 0.24, 0.16 and 0.15 via altering the layer number from 1 to
3, and the maximum modulation depth can be calculated as
∆T = 81% with the trilayer graphene. The numerical results
are consistent with the scaling relationship between the total
Fig. 5 The simulated surface electric field distributions at the
resonance (a) without graphene and (b)-(d) with graphene via
shifting the Fermi level.
conductivity and the layer number of graphene, and substanti-
ate our proposed physical origin. In addition, the modulation
effect here can also be interpreted as the ”sensitivity” of the
EIT resonance to graphene, which is highly desired in the field
of optical sensing. In general, metamaterial near field sensing
requires the analyte with hundreds of nanometers in thickness,
however, in the present case, multilayer graphene (∼ 1 nm) is
accurately detected, showing an ultralow thickness threshold
of λ/1000 thinner than free space wavelength, which can be
promoted to other 2D materials or biomolecules with the sim-
ilar conductivity.
Fig. 6 The simulated transmission spectra of the hybrid
dielectric-graphene metamaterials via altering the layer number.
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4 Conclusions
In conclusions, we propose the hybrid structure consisting of
all-dielectric metamaterials loaded with graphene and realize
the active control of the EIT resonance in the near infrared
regime. The physical origin is well explained with the cou-
pling effects between the in-plane electric field of the all-
dielectric metamaterials and graphene. With the manipula-
tion of graphene conductivity via shifting the Fermi level, the
light absorption through the interband loss of graphene can
be switched on (undoped graphene) and off (heavily doped
graphene), thus inducing the remarkably high modulation
depth ∆T = 72% in the transmission amplitude of the EIT res-
onance. With further scaling graphene conductivity via alter-
ing the layer number, the modulation depth can reach the max-
imum up to ∆T = 81%. Such high modulation performance
together with the underlying physical origin can be strategi-
cally important in designing active hybrid metadevices in the
near infrared, such as spatial light modulators, switches and
sensors.
Acknowledgments
This work is supported by the National Natural Science
Foundation of China (Grant No. 61775064 and 61376055),
the Fundamental Research Funds for the Central Universi-
ties (HUST: 2016YXMS024) and the Natural Science Foun-
dation of Hubei Province (Grant No. 2015CFB398 and
2015CFB502).
References
1 N. I. Zheludev and Y. S. Kivshar, Nat. Mater., 2012, 11, 917.
2 V. Fedotov, M. Rose, S. Prosvirnin, N. Papasimakis and N. Zheludev,
Phys. Rev. Lett., 2007, 99, 147401.
3 S. Zhang, D. A. Genov, Y. Wang, M. Liu and X. Zhang, Phys. Rev. Lett.,
2008, 101, 047401.
4 S. Jahani and Z. Jacob, Nat. Nanotechnol., 2016, 11, 23.
5 J. Zhang, K. F. MacDonald and N. I. Zheludev, Opt. Express, 2013, 21,
26721–26728.
6 J. Zhang, W. Liu, X. Yuan and S. Qin, J. Opt., 2014, 16, 125102.
7 V. R. Tuz, V. V. Khardikov, A. S. Kupriianov, K. L. Domina, S. Xu,
H. Wang and H.-B. Sun, Opt. Express, 2018, 26, 2905–2916.
8 J. Gu, R. Singh, X. Liu, X. Zhang, Y. Ma, S. Zhang, S. A. Maier, Z. Tian,
A. K. Azad, H.-T. Chen et al., Nat. Commun., 2012, 3, 1151.
9 Q. Xu, X. Su, C. Ouyang, N. Xu, W. Cao, Y. Zhang, Q. Li, C. Hu, J. Gu,
Z. Tian et al., Opt. Lett., 2016, 41, 4562–4565.
10 M. Manjappa, Y. K. Srivastava, A. Solanki, A. Kumar, T. C. Sum and
R. Singh, Adv. Mater., 2017, 29, 1605881.
11 X. Zhao, C. Yuan, L. Zhu and J. Yao, Nanoscale, 2016, 8, 15273–15280.
12 X. He, X. Yang, G. Lu, W. Yang, F. Wu, Z. Yu and J. Jiang, Carbon, 2017,
123, 668–675.
13 X. He, F. Liu, F. Lin and W. Shi, Opt. Express, 2018, 26, 9931–9944.
14 S.-X. Xia, X. Zhai, L.-L. Wang and S.-C. Wen, Photonics Res., 2018, 6,
692–702.
15 Q. Li, L. Cong, R. Singh, N. Xu, W. Cao, X. Zhang, Z. Tian, L. Du, J. Han
and W. Zhang, Nanoscale, 2016, 8, 17278–17284.
16 S. Xiao, T. Wang, X. Jiang, X. Yan, L. Cheng, B. Wang and C. Xu, J.
Phys. D: Appl. Phys., 2017, 50, 195101.
17 X. Chen and W. Fan, Opt. Lett., 2017, 42, 2034–2037.
18 S. Xiao, T. Wang, T. Liu, X. Yan, Z. Li and C. Xu, Carbon, 2018, 126,
271–278.
19 C. Argyropoulos, Opt. Express, 2015, 23, 23787–23797.
20 G.-D. Liu, X. Zhai, S.-X. Xia, Q. Lin, C.-J. Zhao and L.-L. Wang, Opt.
Express, 2017, 25, 26045–26054.
21 C. Zhou, G. Liu, G. Ban, S. Li, Q. Huang, J. Xia, Y. Wang and M. Zhan,
Appl. Phys. Lett., 2018, 112, 101904.
22 E. Palik and G. Ghosh, Handbook of Optical Constants of Solids (Or-
lando, FL: Academic), 1985.
23 J. Zhang, Z. Zhu, W. Liu, X. Yuan and S. Qin, Nanoscale, 2015, 7, 13530–
13536.
24 S. Xiao, T. Wang, Y. Liu, C. Xu, X. Han and X. Yan, Phys. Chem. Chem.
Phys., 2016, 18, 26661–26669.
25 J. Hass, F. Varchon, J.-E. Millan-Otoya, M. Sprinkle, N. Sharma, W. A.
de Heer, C. Berger, P. N. First, L. Magaud and E. H. Conrad, Phys. Rev.
Lett., 2008, 100, 125504.
1–5 | 5
